INTRODUCTION
The serological properties of foot-and-mouth disease virus enable genetic interactions to be studied at three levels: between unrelated strains of different immunological type; between more closely related strains belonging to distinct subtypes of the same immunological type; and between mutants within an individual strain.
Exchange of genetic material between different strains of foot-and-mouth disease virus has been investigated using strains carrying multiple genetic markers. It was shown by means of selective procedures that recombination can occur between strains of distinct subtype (Pringle, I965) . Similar methods have failed so far to detect recombination between different immunological types. The frequency of the recombinants in the case of the subtype strains was very low. Recently, however, it has been shown that recombination can be detected at higher frequency using mutants derived from a single strain (Pringle, I968) . It would appear therefore that the ease of recovery of recombinant virus from the progeny of mixed infections is inversely related to the phylogenetic divergence of the strains.
In the case of the inter-strain crosses it was observed that a few of the recombinants were derived from single plaques which were exceptional in that they yielded clones of more than one phenotype. In the extreme case both parental types and a recombinant were obtained from a single plaque isolate. In the experiment to be described the technique of countercurrent distribution was employed as an additional selective procedure in the analysis of progeny virus from a mixed infection with strains of different subtype. Further instances of the association of recombinants and segregating isolates were observed and investigated in greater detail than was possible previously. The possible interpretations of this phenomenon are discussed. METHODS Virus strains and their marker characteristics. The two strains used in this work are designated KENYA-3 and ~rtODEStA-I and they belong to different subtypes of the SAT 2 group of foot-and-mouth disease virus. The marker characteristics used to distinguish these strains and the conditions of their assay have been described previously (Pringle, :965) . The KENYA-3 (K-3) strain is temperature-sensitive (t-), resistant to the inhibitor guanidine hydrochloride (i+), able to replicate at 42o (rct +) and forms minute plaques (mi). The ~a-IOD~tA-I (~r~O-I) strain is temperature-resistant (t+), guanidine-sensitive (i-), unable to replicate at 42o (rct-) and forms plaques of normal morphology (N). The symbols in parentheses are used to provide an abbreviated description of the marker properties of the strains. They are not intended to imply that these characteristics are under the control of homologous genetic factors in each strain. All marker assays of parental and progeny virus isolates were replicated experiments including standard parental virus samples as a continuing control of the assay procedure.
Host cells. All serial propagation or cloning of the original strains and their derivatives was done in the same host cell system, i.e. pig kidney secondary monolayers produced according to standard techniques (Sellers, I955) . This is required because reconstruction experiments have shown that single-step mutants derived in one tissue culture system cannot necessarily be maintained in a different cell type due to differential selective forces (Pringle, i964 and unpublished observations) . Other cell systems can be used for marker assays and monolayers of BHK 2I cells (Macpherson & Stoker, I962) were used for this purpose in many instances. All assays of terminal infectivity in neutralization tests were made with BHK 2I cells, since it had been found that the variance of end points of titrations replicated on pig kidney and BHK 2I cells was less in the case of the latter (unpublished data).
Mixed infection conditions. Confluent pig kidney monolayers were infected at a multiplicity (p.f.u./cell) of five approximately, each parental strain making an equal contribution. A period of 30 min. incubation at 37 ° was allowed for adsorption. Since foot-and-mouth disease virus is acid-labile the infected ceils were held in acid buffer (pH 6"4) for a further :o rain. in order to render unadsorbed virus non-infectious (Cartwright & Thorne, I958) . The cells were then washed once and the buffer replaced with fresh maintenance medium. The culture supernatant was frozen I2 hr later when cell destruction was almost complete.
Plaque isolation and cloning procedure. The parental virus strains had been cloned by five consecutive isolations from individual plaques by removal of a plug of agar above the plaque by means of a fine-bore pipette. Isolation of progeny virus was made by an analogous procedure of plaque isolation. In order to avoid contamination of the isolates by virus diffusing from adjacent plaques on the same monolayer the practice was adopted of isolating virus from monolayers possessing a solitary plaque, or alternatively a few plaques such that all of them could be isolated and examined. Isolates which differed in some respect from the parental strains were extensively recloned as described in the text. 
Origin of foot-and-mouth disease virus variants 3zI
Neutralization test. The viral antigenic subtypes were determined by a neutralization test of the following type. Dilutions of each isolate were made in standard x/5o final dilutions of hyperimmune guinea pig antisera specific for each subtype. The reaction was allowed to proceed to completion by maintaining the serum+virus mixtures at 4 ° overnight. Terminal infectivity was assayed and the results were expressed as log. reduction of infectivity, calculated as the difference in end point between virus diluted in normal guinea pig serum and in hyperimmune specific antisera. No increase in specificity was observed following Arcton-I 13 treatment to remove the noninfectious 7o ~ component. Therefore untreated culture supernatant was used throughout. Antisera prepared against both cloned and uncloned K-3 stock virus were used on different occasions with no observed difference in specificity. It was established also that with the viral titres encountered in these experiments the log. depression of infectivity was linearly related to the logarithm of the antiserum concentration and independent of the initial virus concentration (unpublished data). That is, the conditions of the test were those of antibody excess (Bradish, Farley & Ferrier, I96z) .
Each individual test included a standard parental-type sample of each strain as a continuing control.
Countercurrent distribution. Countercurrent distribution was according to the procedure described by Bradish & Pringle (in preparation) . A train of 2o tubes was used and the phase system consisted of 7 % sodium dextran sulphate and 1.2 % polyethylene glycol in o-oI M-phosphate buffer.
RESULTS

Separation of parental strain mixture by countercurrent distribution
The profiles obtained in the countercurrent distribution of a mixture of samples of the K-3 and gHO-~ strains are shown in Fig. I . The mi virus corresponding to the K-3 strain was present in the first Io tubes, whereas the N virus corresponding to the RHO-I strain appeared predominantly in the last Io tubes.
The RrtO-t profile is characteristic of most strains of foot-and-mouth disease virus.
On the other hand the K-3 profile is associated with the mi marker. This plaque type was isolated originally from a normal plaque-forming K-3 clone which gives a countercurrent distribution profile similar to that of the Rt-IO-t strain. The mi mutant can revert to the N form and there is a concomitant change in countercurrent distribution profile (Bradish & Pringle, in preparation) .
Countereurrent distribution of mixed infection progeny virus
Mixed infection progeny virus was obtained as described in the Methods section. The countercurrent distribution profile of this material is shown in Fig. 2 .
In the assay for total virus a profile was obtained with two peaks corresponding to the distribution of the two parental strains seen in Fig. L The profile obtained following assay under guanidine overlay (Ioo/zg./ml.) indicated the distribution of i+ virus. This i+ virus was presumed to represent I<-3 parental-type clones and recombinants. Since the mutation rate for the change from guanidine sensitivity to resistance in the RrlO-I strain has been estimated as approximately io -5"5 per particle per duplication (Pringie, i965), gHO-I i+ mutants were also to be expected.
The profile obtained after exposure of the same fractions to heat (54 ° for 3 rain.) showed the location of t+ virus. The t+ virus was presumed to represent gx-IO-I parental-2I-2 type clones and recombinants. Since the mutation rate for the change from heat sensitivity to heat resistance in the K-3 strain has been estimated as less than IO -~ per particle per duplication (Pringle, I964) , no t + mutants of the K-3 strain were expected to be present. I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   5  10  15  20 Fraction number $   I  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I Also shown in Fig. 2 is the distribution of i + t + virus which was obtained by assaying the heat-exposed samples under guanidine overlay. This virus was expected to consist predominantly of Rr-IO-I i+ mutants and recombinants.
The efficiency of these selective procedures could have been affected by the occurrence of extensive phenotypic mixing. Since the t marker is a property of the capsid, tgenomes could escape the selective effect of heat exposure if enclosed in heterologous capsids. The frequency of this class of phenotypically mixed particles can be estimated, however, by plating heat-exposed samples at 4I'5 °. Most of the plaques will be initiated by phenotypically mixed particles, since recombination and mutation are rare and the parental types will have been eliminated. In this way it was estimated that fewer than I in 3oo heat-resistant particles in the progeny were phenotypically mixed. Consequently, the level of phenotypic mixing was not sutficient to affect the outcome of these experiments. 
Analysis of marker characteristics of isolates from different regions of the distribution
Plaque isolations were made from different regions of the distribution with and without selective pretreatment. The marker characteristics of these isolates were determined (Table I ). The number of isolates examined was small on account of the rigorous requirement of single plaque monolayers for cloning.
Seventeen isolates were taken, without any selective treatment, at random from different fractions spanning both regions of the distribution. All I7 were classed as parental type; 14 were similar to the K-3 parent and originated from tubes I to I6, whereas the remaining 3 were similar to the RHO-I parent and originated from tubes t5, I8 and 2o. Consequently the majority of the progeny virus released following mixed infection under these conditions was identical to one or other of the parental strains in marker characteristics and partition coefficient. In the case of the selective treatments, therefore, plaque isolations were made only from the non-parental region of the distribution in order to determine whether recombinants could be detected in these regions.
In the case of guanidine-resistant progeny virus, 5 isolates were obtained from the non-parental region of the profile (fractions 11 to 2o) in order to establish the nature of the i + virus in this region. Of these 5 isolates 2 were parental-type (t-i+mi rct +) and 3 were mutant (one t-i+Nrct + and two t+i+Nrct-), indicating that the virus recovered in this region was predominantly K-3 parental type or indistinguishable from an appropriate mutant of either strain.
Similarly Io isolates were obtained from the non-parental region of the samples exposed to heat (fractions I to I2). Nine were parental type (7 t+i-Nrct-and 2 t-i+mi rct +) and I mutant (t-i+Nrct+), again indicating that the virus recovered in this region was predominantly parental type or indistinguishable from an appropriate mutant. Thus it was evident that the detection of recombinants was not facilitated by isolation of virus from the non-parental region of the distribution.
In the case of the progeny virus recovered after double selection (located in fractions I5 to 20) the sitution was complex. A total of I9 isolates was examined and of these I was parental-type (t +i-Nrct-) and 8 were indistinguishable from mutants (6 t-i + Nrct + and 2 t+ i+ Nrct-). One of the t-i+Nrct + mutants was examined by countercurrent distribution and found to have the profile expected of a normal plaque mutant of the K-3 strain (i.e. similar to the gno-i strain). The remaining Io isolates are classed as 'segregating'. Each of these isolates was initially scored as the double resistant type t+i+Nrct + and was provisionally regarded as recombinant. Since a mixture of the two parental types in near equivalent proportions might give a marker classification of this type, these isolates were subjected to extensive recloning. It was observed that in fact parental type clones did segregate out from some of these isolates. Nevertheless the pattern of segregation and the frequent isolation of non-parental-type clones in the course of segregation suggest that more than gross contamination is involved.
The segregating isolates
The IO segregating isolates were subjected to rigorous recloning. Duplicate isolations were made from an untreated sample, from a guanidine exposed sample, from a heat-exposed sample and from 42° passaged virus. By comparing the marker characteristics of these clones, true variants could be distinguished from parental virus mixtures. Where segregation was observed, this cloning procedure was repeated until stable clones were obtained (i.e. to the point where no further changes were observed following replicate-reisolation under each of these conditions).
One of the Io segregating isolates behaved as a simple mixture yielding clones of the two parental types only. The remaining 9 segregating isolates yielded clones of parental and non-parental types. The marker characteristics of the clones obtained from these 9 segregating isolates are listed in Table 2 .
Many of the clones showed multiple marker changes and some have to be scored as On: Sun, 30 Dec 2018 17:23:42
Origin of foot-and-mouth disease virus variants 325 intermediate between the parental values. However, intermediates were not observed among the i and rct markers following induced or spontaneous mutation. Also the marker combination K-3 t + or t(+), which occurred in 5 of these clones, has not been observed to occur spontaneously. Consequently these clones exhibit features typical of recombinants rather than mutants. These results suggest that recombination is associated in some manner with the phenomenon of segregation. Attempts to maintain the segregating state by reisolation were unsuccessful. For instance, in the case of isolate I26/I5 (Table 2) the K-3 parental type segregated out at the first re-isolation and was not recovered subsequently. Stable clones were obtained generally by the second and third reisolation. 
The antigenic properties of the progeny virus
The subtype marker must be considered separately, since it is likely that more than a single structural gene determines this phenotype. Furthermore little is known about the mutability of the antigenic subtypes of foot-and-mouth disease virus, other than that they are stable under conditions of routine serial passage in vitro. Hyslop & Fagg (I965) have shown, however, that subtype can be modified by serial passage in partly immunized cattle or in tissue culture in the presence of increasing concentrations of homologous antiserum.
In previous studies of progeny virus from mixed infections (Pringle, t965) , subtypes were determined by complement-fixation test. No difficulties were encountered in assigning subtype, even of recombinant clones. In the present investigation subtypes were determined by neutralization test for greater sensitivity. To facilitate comparison the data have been grouped according to the marker properties of the individual clones. The amount of neutralization varied considerably between experiments due to variation in cell sensitivity. Nevertheless the relative neutralizing ability of the two antisera was unaffected. The results have been expressed, therefore, as the difference between the log. reduction of infectivity with homologous antiserum and that with heterologous antiserum.
Clones obtained by plaque isolation from different sources were compared with uncloned parental material maintained by serial passage. There was no significant difference between the means of the cloned and uncloned groups in either strain (Table 3) . On the other hand the two strains were quite distinct in their reactions, although the magnitude of the difference was small. The log. reduction of infectivity with homologous antiserum exceeded that with heterologous antiserum in all individual results so that there was no ambiguity. The values represent the differences between the end points obtained with homologous and heterologous antisera (in log. units).
The progeny virus clones were grouped as parental or non-parental according to their marker characteristics (Table 4 ). The group mean of the K-3 parental-type clones did not differ significantly from the K-3 control group (P < o-I > o-o5). On the other hand lO of the clones scored as I~HO-I parental type reacted preferentially with heterologous antiserum. They were significantly different, however, from the K-3 parental type (P < 0.02 > o.oi). The other lO RI-IO-I parental type clones did not differ significantly from the RHO-I control group (P < 0.2 > o-I).
The non-parental group occupied an intermediate position. The 13 clones neutralized preferentially by anti-K-3 serum were significantly different, nevertheless, from the K-3 control group (P < 0"05 > 0-o25). Similarly, the I5 clones reacting with the opposite specificity were significantly different from the RHO-I control group (P < o.ooi). Thus the non-parental group of clones, of which at least two-thirds were recombinants, were intermediate between the parent strains in antigenic properties.
The group of m-IO-i parental type clones, which reacted atypically, were not significantly different from the non-parental group of the same relative specificity (P < 0.6 > 0"5). This suggests that the atypical RI-IO-i clones were recombinants and not mutants, particularly since these clones had been isolated from the non-parental region of the countercurrent distribution. There is no evidence of a relationship between partition coefficient and relative antigenicity, since the mi ~ N mutation and its associated change in partition coefficient is not accompanied by any apparent alteration in antigenic properties.
A hyperimmune guinea pig serum was prepared against one of these atypical RrIO-I clones. This antiserum reacted specifically and serological comparison showed that the variant was intermediate in properties to the parental subtype strains. There was no evidence of transition towards the other recognized subtype of the SAT 2 group (nor to two other SAT 2 strains of undetermined serological status). The clones have been grouped according to marker properties and specificity of the neutralization reaction. The values represent the differences between the end points obtained with the parental strain antisera (in log. units).
DISCUSSION
Several interpretations of the phenomenon of segregation are possible. These can be enumerated as: (I) contamination during isolation, (2) the evasion of selection by a combination of marker rescue and phenotypic mixing, (3) the inclusion of two genomes within a single particle, (4) complete or partial heterozygosis, or (5) isolation from a focus of infection initiated by a viral aggregate.
The first possibility may be neglected in view of the precautions observed. Reconstruction experiments with mixtures of the strains established the reliability of the cloning procedure. The second possibility relates to the circumstance that all the segregating isolates were obtained following a double selective treatment involving the plating of heat-exposed samples under guanidine overlay. The fraction of K-3 virus which had undergone phenotypic mixing would survive heat exposure and form plaques involving cells also infected by the RHO-I strain. Since guanidine acts at an early stage of the viral cycle (Brown, Martin & Underwood, i966) , K-3 i+ genomes might be expected to complement sequestered RHO-I i-genomes with the result that virions of both genotypes would be obtained from a single plaque. In reconstruction experiments, however, K-3 i + virus only was recovered from guanidine-overlaid monolayers infected with the K-3 strain in the presence of an excess of the RHO-I strain. Under these conditions therefore inter-strain complementation occurs only at very low frequency, if at all.
Diploidy and heterozygosis are known to occur in RNA viruses and were described in detail for influenza virus by Hirst & Gotlieb (I955), Gotlieb & Hirst (I954) and Hirst (I962), and for Newcastle disease virus by Granoff (I96Z). Hirst & Gotlieb suggested that heterozygotes are the principal source of recombinants in the case of influenza virus. Recombination between related strains of influenza virus, however, occurs more frequently than it does in foot-and-mouth disease virus. Indeed, the observations on influenza virus may be related to the composite structure of influenzavirus RNA (Pons, 1967) .
Segregation of clones from a single plaque isolate might also be the result of infection of a cell by a viral aggregate containing virions of both strains. Proximity of the two parental genomes within the cell, brought about by the penetration of aggregated virus, would increase the probability of recombination. The frequent association of recombinants with segregating isolates could be accounted for in these terms. Proximity is known to be an important factor in recombination of poxviruses (Abel, 1962) and could be no less relevant in the smaller picornaviruses. The inclusion of two genomes within one particle would have similar consequences. The data available at present, however, are not sufficient to discriminate between these possibilities. The localization of the segregating isolates to a particular region of the distribution, however, may favour the aggregate interpretation, since the behaviour of virus particles in the phase system is a function of their surface properties.
The low level of phenotypic mixing in experiments with these strains may indicate that some form of exclusion operates such that the progeny from individual cells is predominantly of one subtype, thus limiting opportunity for recombination. Preliminary analyses of yields from single cells support this hypothesis and experiments are in progress to obtain more data. The observation of Cooper (1965) that the complementation yield from a particular pair of temperature-sensitive mutants of poliovirus consisted predominantly of one of the mutants may be relevant here. Nevertheless, it is evident in foot-and-mouth disease virus that whatever the mechanism involved the frequency of isolation of recombinants from mixed infections is also dependent on the genetic relationship of the parental strains.
The determination of antigenic subtype by neutralization test, rather than by the less sensitive complement-fixation test employed in earlier experiments, has provided evidence of the generation of antigenic variation by recombination. The serological data also suggest that a greater proportion of the progeny is recombinant than indicated by multiple marker exchanges. This may reflect either an intrinsic difference between intragenie and intergenic recombination, or a lack of overall homology between the two genomes such that the majority of the products of recombinaton are not viable.
